
White Matter Integrity and Its Relationship
to Cognitive-Motor Integration in Females

with and without Post-Concussion Syndrome

Johanna M. Hurtubise,1 Diana J. Gorbet,2,3 Loriann M. Hynes,2

Alison K. Macpherson,2 and Lauren E. Sergio2,3

Abstract

Fifteen percent of individuals who sustain a concussion go on to develop post-concussion syndrome (PCS). These

persistent symptoms are believed to be attributed to damage to white matter tracts and impaired neurotransmission.

Specifically, declines in white matter integrity after concussion have been found along the long-coursing axons

underlying the frontoparietal network. This network is essential for the performance of visuomotor transformation

tasks requiring cognitive-motor integration (CMI). We have previously observed deficits in performance on CMI-

based tasks in those who have a history of concussion, but were asymptomatic. The aim of this study was to

investigate performance on a CMI task, as well as white matter integrity differences along frontoparietal-cerebellar

white matter tracts, in those with PCS compared to healthy controls. We hypothesized an association between the

behavioral and brain structural measures. Twenty-six female participants (13 with PCS for ‡6 months and 13

healthy controls) completed four computer-based visuomotor CMI tasks. In addition, diffusion tensor images (DTIs)

were acquired. No statistically significant differences were found in CMI performance between groups ( p > 0.05).

Further, there were no statistically significant differences between groups on any DTI metrics ( p > 0.05). However,

examination of the data collapsed across participants revealed significant associations between performance on a

CMI task and white matter integrity. Further investigation into additional causes of symptoms in those with PCS

(including psychological and cervicogenic factors) will strengthen our understanding of this diverse group.

Nonetheless, this study demonstrates that white matter integrity is related to levels of performance in tasks that

require rule-based movement control.
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Introduction

Concussions, a form of mild traumatic brain injury (mTBI),1–3

affect an estimated 1.6–3.8 million people in the United States

annually,4,5 with approximately 15% developing persistent symp-

toms and post-concussion syndrome (PCS).4,6 Currently, there is no

clear consensus on the definition of PCS and its differentiation from

persistent symptoms; however, all definitions agree on the presence

of symptoms after traumatic brain injury (TBI) that persist beyond

the typical symptom recovery time of 1–2 weeks.7–10 Further, Hi-

ploylee and colleagues9 suggest that if an individual does not

clinically recover over the first 3 years, they may never fully re-

cover. This affects a person’s ability to return to their daily life and

leads to a high healthcare cost burden.5,11–13 Females have been

suggested to be at an increased risk for PCS, although the under-

lying mechanisms behind this are not yet known.11,14 Therefore, it

is essential that we not only improve our understanding of the

underlying neural effects of concussion and PCS, but also incor-

porate more objective measurements into recovery assessment to

allow for earlier detection and thus earlier intervention.

PCS is thought to occur because of a lack of recovery from damage

to axons and white matter tracts sustained in the initial injury, leading

to impaired neurotransmission and speed of processing.12,15–17 White

matter changes have been most commonly noted along long-coursing

and association tracts, including the corticospinal tract (CST),18–22

inferior longitudinal fasciculus (ILF),18,23 superior longitudinal

fasciculus (SLF),18,21,23,24 inferior frontal occipital fasciculus

(IFOF),18,20,22,23 and the interhemispheric commissure—the corpus

callosum (CC).18,19,21,25,26 These tracts underlie the many of the

networks required for visually guided reaching movements.27–30
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Thus, performance on visuomotor transformation tasks may also be

affected after damage to these tracts. The magnetic resonance (MR)

imaging (MRI) technique, diffusion tensor imaging (DTI), allows us

to indirectly measure the integrity of these white matter tracts after

injury.31

Visually guided reaching movements are often required in our

daily lives, including both standard visuomotor and non-standard

visuomotor transformation tasks. A standard task, in which we are

looking at the target where we are directing our reaching movement,

utilizes a default brain network.32,33 Whereas non-standard move-

ments, in which the gaze and hand are targeting incongruent spatial

locations, must be learned or calibrated and therefore require the

integration of cognitive rules. As such, non-standard tasks require

cognitive-motor integration (CMI).29,33 Both types of tasks require

the frontoparietal-cerebellar network for accurate movements27,28,30;

however, reaching tasks, which also require the integration of cog-

nition, are more difficult and therefore incorporate a more complex

brain network.29,34–36 Deficits in CMI performance have been ob-

served in those with a concussion history1,2 and dementia risk,37

whereas performance on a standard visuomotor task did not signifi-

cantly differ from healthy controls in these groups.

Previous research from our laboratory has demonstrated that

performance declines in CMI tasks in children and young adults

with a history of concussion, but who are asymptomatic based on

current standards.1–3 We have also observed a relationship between

white matter integrity and CMI in otherwise asymptomatic older

adults at risk for dementia.38 Many of the tracts showing behav-

iorally related integrity deficits were part of the networks involved

in rule-based movement control. Therefore, non-standard reaching

tasks may provide a more thorough assessment of these more

complex large-scale brain networks in those with brain injury or

impairment, including those with concussion.

Given its crucial role in coordination and feedback-based

control of ongoing movements, the cerebellum is putatively

essential for CMI-based tasks.35,39,40 It further plays a role in

balance, oculomotor, vestibular, and cognitive functions and

thus may be responsible for, or at least related to, many of the

symptoms experienced by those with PCS.27,39 Yet, the effects

of concussion and PCS on this structure, and its large white

matter tracts (the cerebellar peduncles), has received very little

attention to date.41

The objectives of this study were 3-fold. The first objective

was to investigate the behavioral differences in those with PCS

compared to healthy controls on tasks which require CMI. Sec-

ond, we examined the effect of PCS on white matter integrity,

specifically along the tracts underlying the frontoparietal network

and the cerebellar peduncles. Third, we examined the associa-

tions between performance on CMI tasks, subjective symptom

reporting, and white matter integrity. We decided to look spe-

cifically at females in this study because of the fact that females

have been shown to be at an increased risk for PCS,11,14 as well as

the sex-related differences in neural correlates to CMI perfor-

mance noted previously in our laboratory.42 We hypothesized

that individuals with PCS would have reduced white matter in-

tegrity in tracts that included the frontoparietal-cerebellar net-

work involved in rule-based skilled movement control. From this

general hypothesis, we predicted that these individuals would

display impaired CMI (but unimpaired standard movement con-

trol) relative to healthy controls. We further predicted that the

number and severity of reported symptoms would be associated

with CMI task performance, with both being related to white

matter integrity declines.

Methods

Participants

Twenty-six female participants between the ages of 18–60
were included in this study; 13 with PCS (mean = 30.0 – 10.8
years) and 13 age-matched healthy controls (mean = 30.0 – 11.2
years). PCS was defined according to Tator and colleagues10 as
three symptoms lasting at least 1 month after concussive brain
injury. This study defined concussion according to the 4th In-
ternational Consensus Conference on Concussion in Sport43 as a
‘‘complex pathophysiological process affecting the brain, in-
duced my biomechanical forces.’’ Specifically, an injury was
considered a concussion if there was a known mechanism of
injury (either a direct blow or an impulsive force), which resulted
in the rapid onset of at least one sign or symptom. A self-reported
concussion was determined as a concussive incident in which
there was either a diagnosis by a medical physician or in which
the date and mechanism of injury were recalled. The mechanism
of injury for each concussion was either a sport-related injury or
attributed to a general fall or TBI.

All PCS participants had symptoms persisting for ‡6 months at
the time of the study (average = 36.0 – 28.6 months; range, 6–
108). Age-matched control participants who self-reported no
previous history of concussion were also recruited. None of the
participants had a diagnosed neurological disease, had sustained
their TBI from a motor vehicle accident, or were deemed unsafe
to undergo MRI. All participants were right-handed, with no
injury (other than PCS) that would prevent them from partici-
pating in physical activity or sport. Upon examination of MR
images, no gross morphological abnormalities were observed in
any participants who were included in the study. Information
about the concussive injury, including the number of previous
concussions and length of time since the concussion, was col-
lected through a questionnaire.

This study was approved by the York University Research Ethics
Committee, and all participants provided informed written consent.

Procedure

All participants completed the Sport Concussion Assessment
Tool, 3rd Edition (SCAT3), a computerized CMI task (BrDITM)
involving four visuomotor transformation conditions, and diffusion-
weighted imaging.

Sport Concussion Assessment Tool (SCAT3)

Symptoms were measured through the symptom inventory as
part of the SCAT3.43 The symptom inventory consists of 22
commonly reported symptoms, which were self-rated on a 7-point
Likert scale from 0 (no issue) to 6 (severe). Both the number of
symptoms (maximum [max] 22) as well as a symptom severity
score (sum of all reported symptoms, max 132) were reported. The
SCAT3 also incorporates both cognitive (the Sideline Assessment
of Concussion [SAC]) and motor (balance and coordination)
components. The Sideline Assessment of Concussion (max score
30) measures cognitive ability over four subdomains, including
orientation (max 5), immediate memory (max 15), delayed recall
(max 5), and concentration (max 5). A higher SAC score indi-
cates higher cognitive ability. Balance is measured through the
modified Balance Error Scoring System, incorporating three 20-
sec tests of different stances on a firm ground. Deviation from the
stance is counted as an error, up to a maximum of 10 errors per
stance (max 30 total). The final component of the SCAT3, co-
ordination, looks at the ability to perform five finger-to-nose
movements accurately within 4 sec and is scored as yes (1/1) or
no (0/1). Each of these different components has shown reli-
ability, sensitivity, and specificity.44
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Visuomotor task (BrDI)

Participants completed four computer-based visuomotor trans-
formation tasks that included one standard and three non-standard
(vision and action decoupled) conditions (Fig. 1). Participants sat at
a desk so they could comfortably reach a 10.1-inch tablet (ASUS
Transformer Book) placed on the desk in front of them. The tablet
was connected to a 15-inch external monitor allowing for a screen
in both the horizontal and vertical planes. The monitor was placed
70 cm from the tablet to ensure a consistent visual angle. All hand
movements were made on the tablet, which was placed at a 15-
degree angle tilted upward toward the participant to allow for
comfortable movements.

In all conditions, participants were instructed to slide the index
finger of their dominant (right) hand along the touch screen tablet in
order to displace a cursor from a central target to one of four pe-
ripheral targets (up, down, left, or right relative to center) as quickly
and as accurately as possible. Participants guided a crosshair cur-
sor, viewed on a black background, to the yellow central (or home)
target, which changed to green when entered. After a 4000-ms
center hold time, a red peripheral target was presented and the
central target disappeared, which served as the ‘‘Go’’ signal for the
participant to initiate movement. Once the cursor reached and re-
mained in the peripheral target for 500 ms, it disappeared, signaling
the end of the trial. The next trial began with the presentation of the
central target after an intertrial interval of 2000 ms. Peripheral
targets on the tablet were located 55 mm from the center target, with
target diameters of 10 mm. In order to ensure smooth movement of
the finger during the task, participants wore a capacitive-touch
glove on their right hand.

Participants completed four conditions in a randomized block
design. In the standard condition, participants both looked at and
moved on the tablet, thereby directly interacting with the targets.
The three non-standard conditions required the decoupling of the
eyes and the hand: 1) plane change (PC), in which participants
looked at the vertical screen while moving on the horizontal tablet
screen, requiring implicit sensorimotor recalibration; 2) cue re-
versal (CR), in which the feedback was rotated 180 degrees (i.e., in
order to move the cursor left, you must slide your finger right),
requiring explicit strategic control and movements of the eyes and
hand to be made in opposite directions. Participants both looked at
and moved on the horizontally placed tablet; and 3) plane change
plus cue reversal (PC+CR), in which both previously mentioned
non-standard tasks were combined, thereby requiring two levels of
decoupling. Four trials in each of the four directions were com-
pleted per condition for a total of 64 trials per participant (4 direc-
tions · 4 trials · 4 conditions). Eye movements were monitored by

the experimenter to ensure that participants were looking at the
correct target. Participants were provided a practice of two trials in
each of the four directions before each condition to ensure famil-
iarity of the task in order to obtain the greatest ability of each
participant (see Fig. 1).

Data processing

Custom-written (C++) acquisition software sampled the finger’s
X-Y screen position at 50 Hz. Custom analysis software (Matlab;
The MathWorks, Inc., Natick, MA) was used to process individual
movement paths with a fourth-order (dual pass) low-pass Butter-
worth filter at 10 Hz. Filtered paths were used to generate a velocity
profile of each trial’s movement. Movement onsets and ballistic
movement offsets (the initial movement preceding path correc-
tions) were scored at 10% peak velocity, whereas total movement
offsets (i.e., including path corrections) were scored as the final
time point at which movement decreased back down to 10% peak
velocity once the finger position was within the peripheral target.
These profiles were then verified by visual inspection and manually
corrected, if necessary.

Trials were considered errors if the finger/cursor left the center
target before the required center hold time (<4000 ms), reaction
time was <150 or >8000 ms, or total movement time was >10,000.
Trials in which the first ballistic movement exited the boundaries of
the center target in the wrong direction (>90 degrees from a straight
line to the target) were coded as direction reversal errors, excluded
from calculations of mean values obtained from correct trials, and
analyzed as a separate variable. The number of submovements, or
corrective movements, was verified by visual inspection. These
were defined as a decelerated movement followed by an accelerated
movement throughout the movement trajectory. Both the first au-
thor researcher and a blinded researcher manually inspected and
counted submovements, and the final measure was determined as
the average between the scorers. The scored data were then pro-
cessed to compute both movement timing and execution outcome
measures. Trials in which one of the variables was >2 standard
deviations (SDs) from the individual’s mean score were excluded
from further analysis.

Kinematic variables for movement timing were as follows: 1)
reaction time (RT), the time interval (milliseconds) between the
central target disappearance and movement onset; 2) total move-
ment time (TMT), the time between movement onset and full
movement offset (milliseconds); and 3) peak velocity (PV), the
maximum velocity obtained during the movement (mm/sec). Ki-
nematic variables for movement execution were: 1) full path length

FIG. 1. Schematic drawing of the four experimental conditions. Visual stimuli were presented on either the vertical or horizontal
monitor, whereas movement direction was either toward the target or 180 degrees reversed. Light gray cursor, eye, and hand symbols
denote the starting position for each trial (home target). Dark gray eye and hand symbols denote the instructed eye and hand movements
for each task. Circles denote the peripheral (reach) target, presented randomly in one of four locations (left, up, right, or down). The dark
crosshair denotes the cursor feedback provided during each condition.
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(FPL), the total distance (resultant of the x- and y-trajectories)
traveled between movement onset and offset (millimeters); 2) ab-
solute error (AE; accuracy), the mean distance from the individual
ballistic movement endpoints (+ x/n, + y/n) to the actual target
location (millimeters); 3) variable error (VE; precision), calculated
as the distance between the individual ballistic movement end-
points (r2) from their mean movement (millimeters); 4) the per-
centage of equal trials (%Equal), determined by the percentage of
correct trials in which the initial ballistic movement was equal to
that of the full movement, resulting in one smooth movement; 5)
percent submovements (%SubMvt), the percentage of correct trials
in which submovements were present; 6) number of submovements
(#SubMvt), calculated as the mean number of submovements per
each correct trial; and 7) direction reversal errors (DR), the per-
centage of total trials in which a direction reversal error occurred.

Imaging acquisition and parameters

Whole-brain diffusion-weighted images were acquired on a 3-Tesla
Siemens Tim Trio scanner at York University using a 32-channel head
coil (Siemens, Erlangen, Germany). Diffusion-weighted images were
acquired using a single-shot echo planar sequence, including gener-
alized autocalibrating partially parallel acquisition, to increase the
signal-to-noise ratio (repetition time = 9200 ms; echo time = 86 ms;
slice thickness = 2.0 mm; voxel size = 2.0 mm3; field of view =
192 mm2). A total of 64 encoding directions were obtained with
b-value = 1000 s/mm2. In addition, one reference volume with no
diffusion weighting was collected (b-value = 0 s/mm2).

Behavioral data analysis

All data were checked for normal distribution (Shapiro-Wilk’s
test) and homogeneity of variance (Levene’s test). Given that the
data violated normality, non-parametric tests were used. This was
because of the homogeneity of variance, in that those with PCS
demonstrated significantly greater variability compared to healthy
controls on a number of behavioral measures. Statistical signifi-
cance levels were set a priori to p < 0.05. Statistical analyses were
performed using SPSS statistical software (SPSS 24; IBM Corp.,
Armonk, NY).

To test the main effect of group (PCS, healthy control) on SCAT3
scores, a Mann-Whitney U test was used on each component and
corrected for multiple comparisons using Holm-Bonferroni. Like-
wise, for each of the dependent kinematic variables of the CMI
visuomotor task described above (RT, TMT, PV, FPL, AE, VE,
%Equal, %SubMvt, #SubMvt, and DR), the Mann-Whitney U test
was used to test the main effect of Group (PCS, healthy control) and
corrected for multiple comparisons with Holm-Bonferroni.

In order to minimize the number of variables for correlation
analyses, composite scores were calculated based on a ‘‘simple
averaging’’ approach.45 For each of the included variables, a
z-score was calculated (using the control participants’ mean and
SD) and summed in order to create a timing, trajectory, and sub-
movement composite score for each condition. The timing score
included RT, TMT, and the inversed PV (PV z-score * -1). The
trajectory score included FPL, AE, and VE, whereas the sub-
movement score included %SubMvt and #SubMvt. Each com-
posite score was then transformed (using a mean of 50, SD 10) for
ease of interpretation, with a higher score indicating worse per-
formance. Each transformed score was tested for internal validity
using Cronbach’s alpha (averaged across conditions). The main
effect of group (PCS, healthy control) on the composite scores for
each condition was tested using the Mann-Whitney U test.

Imaging analysis

All diffusion-weighted images were analyzed using FMRIB
software Library (FSL).46 First, the effects of head motion and eddy

current were corrected using FSL’s Diffusion Toolbox (FDT),
followed by the removal of non-brain structures using the Brain
Extraction Tool (BET).47 Calculation and fitting of tensor models,
including fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD), and radial diffusivity (RD), were completed and
extracted using DTIFIT within the FDT. Voxel-wise statistical
analysis of the FA data were carried out using Tract-Based Spatial
Statistics (TBSS),48 part of FSL.49 Specifically, first each FA image
was slightly eroded and end slices zeroed in order to remove out-
liers. All subjects’ FA data were then aligned into a common space
(FMRIB58), using the nonlinear image registration tool (FNIRT),
and registered to the MNI152 space by affine transformation.50,51

The FMRIB58 template is in the same space as the MNI152 tem-
plate and is constructed from average FA images of 58 healthy
individuals. The MNI152 template is based on 152 T1-weighted
scans transformed (both linearly and non-linearly) to form a sym-
metric model.

Next, the mean FA image was created and thinned to produce a
mean FA skeleton, which represents the centers of all tracts com-
mon to the group. Each subject’s aligned FA data were then pro-
jected onto the mean skeleton. Each subject was manually
inspected to ensure that their major white matter tracts lined up with
the created mean skeleton. This procedure was then applied to MD,
AD, and RD metrics using TBSS for non-FA images. Voxel-wise
cross-subject statistics were performed on the resulting data. Spe-
cifically, the ‘‘randomise’’ algorithm was used, which allows for a
non-parametric permutation analysis, to test the main effect of
group (PCS, healthy control) in whole-brain FA, MD, AD, and RD
values.52 Multiple comparisons were corrected using a threshold-
free cluster enhancement. This technique is more sensitive and
robust than both cluster- and voxel-based thresholds, given that one
does not arbitrarily pick a threshold, and is thus more effective at
preventing increases in false-positive or false-negative results.53

Because of a relatively small sample size, variance smoothing of
5 mm was used to increase power, and 5000 permutations were run
for each metric.

A region of interest (ROI) approach was used to extract FA, MD,
AD, and RD measures from white matter tracts chosen a priori,
including the CC, both the right and left CST, SLF, ILF, IFOF, and
both the right and left cerebellar peduncles (superior cerebellar
peduncle [SCP]; middle cerebellar peduncle [MCP]; inferior cer-
ebellar peduncle [ICP]). Masks for CST, SLF, ILF, and IFOF were
created based on the probabilistic Johns Hopkins University ( JHU)
White-Matter Tractography Atlas in FSL.54 The mask of the CC
was created based on the Juelich probabilistic atlas,55 whereas the
cerebellar peduncle masks were created based on the cerebellar
white matter probabilistic atlas within the spatially unbiased atlas
template (SUIT).56 All atlases used for mask creation are aligned
with Montreal Neurological Institute (MNI) space. Each mask was
then set at a threshold of 10% and binarized. Mean FA, MD, AD,
and RD were then extracted from these regions for each participant
using FSL. Each region, including each DTI metric (FA, MD, AD,
and RD), was compared between groups (PCS, healthy control),
using the non-parametric Mann-Whitney U test in SPSS software
(SPSS 24; IBM Corp.), and corrected for multiple comparisons
using Holm-Bonferroni.

Correlation analysis

For correlation analysis, group data were combined, and outliers
that were >3 SDs from the full sample mean were excluded. Nor-
mality (Levene’s test) was then rechecked based on the total
sample. Because of the violation of normality, the non-parametric
Spearman’s rho correlation analysis with 1000 sample boot-
strapping was used.

A Spearman’s correlation analysis was used to determine the
association of both the total number of symptoms and symptom
severity to each of the composite scores for the four visuomotor
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conditions. In addition, the relationship between FA values of each
ROI to the behavioral components (the number of symptoms, se-
verity of symptoms, and composite scores of each condition) was
analyzed. In order to minimize the number of correlations run, the
FA metric was chosen because it is the most commonly investi-
gated measure of diffusion.

Results

Sport Concussion Assessment Tool

The Mann-Whitney U test revealed that the number of symptoms

reported by those with PCS (median [Mdn] = 11.0) was significantly

higher than that reported by healthy controls (Mdn = 2.0; U = 13.5;

p < 0.001; r = 0.72). Similarly, severity of reported symptoms was

significantly higher in those with PCS (median = 21.0) compared to

controls (median = 2.0; U = 16.0; p < 0.001; r = 0.64). No other as-

pects of the SCAT3 were significantly different between groups

after correcting for multiple comparisons ( p > 0.05).

The most commonly reported symptoms by those with PCS in-

clude ‘‘neck pain’’ (85%), ‘‘fatigue/low energy’’ (85%), and ‘‘head-

ache’’ (77%). When looking at symptom severity, those with PCS

reported significantly greater severity of ‘‘headache’’ (Mdn = 1.0)

compared to healthy controls (Mdn = 0.0; U = 27.5; p = 0.001;

r = 0.64). Similarly, those with PCS reported significantly greater se-

verity compared to controls of ‘‘pressure in head’’ (Mdn = 1.0 and 0.0

respectively; U = 32.5; p = 0.001; r = 0.64), ‘‘neck pain’’ (Mdn = 2.0

and 0.0; U = 16.0; p < 0.001; r = 0.75), and ‘‘sensitivity to light’’

(Mdn = 2.0 and 0.0; U = 31.5; p = 0.002; r = 0.61). No other symptoms

were significantly different between groups after correcting for mul-

tiple comparisons.

Visuomotor task performance (BrDI)

For each of the composite scores, internal validity was tested

using Cronbach’s alpha. This was then averaged across conditions

for an overall measure of validity. The timing composite score

consisted of three items (RT, TMT, and inversed PV; a = 0.79), the

trajectory composite score consisted of three items (AE, VE, and

FPL; a = 0.54), and the submovement composite score consisted of

two items (%Submvt, #Submvt; a = 0.77). Group analysis was

completed on each variable as well as each composite score for

every condition (standard, PC, CR, and PC+CR). For full results,

refer to Table 1. There were no significant differences in tim-

ing, trajectory, submovement, or error variables between PCS and

healthy controls in any condition ( p > 0.05). However, it is worth

noting that there were differences found in group variability across

multiple measures. Typically, the PCS group performed worse and

had greater variability than the healthy control group, however not

statistically significantly so ( p > 0.05). For example, in each con-

dition, those with PCS had a higher median timing score compared

to the median of healthy control participants. However, variability

in the PCS group was also much greater.

Table 1. Median Scores between Groups (PCS, Healthy Control) on Kinematic

Variables of Each Visuomotor Task Condition

Kinematic variables Group

Condition

Standard Plane change (PC) Cue reversal (CR) Plane-change + cue-reversal (PC+CR)

Timing composite Control 44.04 48.78 38.86 47.60
PCS 66.54 61.65 60.46 65.70

RT (ms) Control 355.00 351.00 513.00 494.00
PCS 365.00 385.00 530.00 567.00

TMT (ms) Control 331.00 538.00 477.00 763.00
PCS 436.00 608.00 640.00 909.00

PV (mm/s) Control 130.89 102.19 103.81 73.42
PCS 104.50 86.74 83.32 63.92

Trajectory composite Control 48.40 49.69 45.04 44.26
PCS 52.39 40.99 43.62 33.00

AE (mm) Control 2.50 3.58 3.25 4.87
PCS 2.40 3.04 3.27 3.97

VE (mm) Control 2.32 2.78 3.12 4.37
PCS 2.42 3.10 2.63 3.74

FPL (mm) Control 39.40 39.38 39.55 40.61
PCS 39.92 39.10 39.73 40.82

Submovement composite Control 49.28 44.34 49.79 53.22
PCS 67.26 47.36 65.12 46.56

%SubMvt (%) Control 6.25 50.00 36.84 73.33
PCS 12.50 53.33 53.33 62.50

#SubMvt (no.) Control 0.06 0.56 0.41 1.00
PCS 0.13 0.57 0.57 1.06

%Equal (%) Control 100.00 71.43 78.95 66.67
PCS 100.00 78.57 78.57 69.23

DR (%) Control 0.00 0.00 7.14 8.33
PCS 0.00 0.00 7.69 5.56

No significant differences between groups were found ( p > 0.05).
AE, absolute error; DR, direction reversal errors; FPL, full path length; PV, peak velocity; RT, reaction time; TMT, total movement time; VE, variable

error; %Equal, percent of trials with no corrective movements; %SubMvt, percent of trials with submovements; #SubMvt, mean number of
submovements per trial.

1532 HURTUBISE ET AL.

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
T

O
R

O
N

T
O

 f
ro

m
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
7/

31
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Diffusion tensor imaging

The voxel-wise TBSS analysis demonstrated no significant

differences in overall brain FA, MD, AD, or RD between groups

(PCS, healthy control). When looking at the specific regions of

interest, the Mann-Whitney U test revealed no significant group

differences in FA along any white matter tract investigated, in-

cluding left and right CST, SLF, ILF, IFOF, SCP, MCP, ICP, and

the CC ( p > 0.05). Similarly, no statistically significant group dif-

ferences were noted in MD, RD, or AD in any of these regions

( p > 0.05).

Symptoms and regional white matter integrity

The relationship between both the total number of reported

symptoms and severity of symptoms and FA of all ROIs was in-

vestigated using Spearman’s rho correlation. No significant asso-

ciations were noted between FA of any region and symptom

number or severity ( p > 0.05).

Visuomotor task performance and regional
white matter integrity

All correlations were run based on overall composite scores

(timing, trajectory, and submovement). Given that no significant

group differences were observed for visuomotor task performance

or diffusion MRI measures ( p > 0.05), the data were collapsed

across the two groups. Spearman’s rho correlation was run on the

combined data to explore the relationship between composite

scores in each condition and FA for each ROI. No significant as-

sociations were found between any of the composite movement

scores and FA in any of the ROIs for the standard, PC, or CR

conditions ( p > 0.05).

Notably, however, in the most challenging PC+CR condition,

there was a statistically significant association between FA and

the trajectory and submovement composite scores. Specifically, a

significant relationship was found between the trajectory score

and both the right (rs = -0.543; p = 0.006, see Fig. 2A) and left ILF

(rs = -0.481; p = 0.017), as well as both the right (rs = -0.475;

p = 0.019) and left IFOF (rs = -0.419; p = 0.041). In each region, an

increase on the rank of trajectory score (and thus worse perfor-

mance) was associated with a decrease in FA. When looking at the

submovement composite score, a significant relationship with FA

values was noted in both the right (rs = -0.652; p = 0.001; see

Fig. 2B) and left ILF (rs = -0.585; p = 0.003), both the right

(rs = -0.547; p = 0.006) and left IFOF (rs = -0.596; p = 0.002), left

SLF (rs = -0.495; p = 0.014), and left CST (rs = -0.423; p = 0.039).

In all regions, an increase in submovement score (i.e., poorer per-

formance) was associated with a decrease in FA. Finally, we ob-

served no significant associations between FA and the timing

composite score ( p > 0.05). Of note, correlation analysis was also

completed on each group separately (PCS, healthy controls) with

similar findings.

Discussion

The results demonstrated that those with PCS had significantly

worse symptom scores relative to healthy controls, but no other

significant differences on the remaining aspects of the SCAT3.

This finding is not surprising given that presence of self-reported

symptoms is required for the diagnosis of PCS, whereas the re-

mainder of the SCAT3 has demonstrated reliability in only acute

concussion.4 Additionally, there were no statistically significant

differences between groups on any of the visuomotor transforma-

tion task conditions, including both the standard task and those

requiring CMI. Similarly, there were no group differences on any

DTI metric, at either the whole-brain or ROI level. Importantly,

however, when groups were combined, we found a significant as-

sociation between white matter integrity along the long-coursing

association tracts and performance on the most challenging CMI

task, requiring two levels of dissociation (PC+CR).

There were no statistically significant differences between those

with PCS and healthy controls on any of the visuomotor transfor-

mation tasks. Although the median scores found in our study hinted at

group differences similar to previous findings in our laboratory,1–3,37

these non-significant findings may suggest that those with PCS

do not demonstrate behavioral differences on rule-based visually

guided movements. Recent studies investigating those with per-

sistent symptoms for >3 months have also noted a lack of difference

on behavioral tasks when compared to healthy controls.57,58 Astafiev

and colleagues57 found equivalent performance on a visual tracking

task between controls and those with PCS. However, they also noted

abnormal activity (blood-oxygen-level–dependent [BOLD] signals)

in those with PCS, in that these persons had a different response

magnitude resulting in a different shape of the BOLD signal over

time. This was found specifically along the SLF. It was suggested that

this might reflect a compensatory mechanism, where prolonged

FIG. 2. Graphical representation of the relationship between the
FA of the right ILF and performance on the PC+CR task. The
composite scores reflect an overall score, with a higher score in-
dicating worse performance. Significant associations were found
with the (A) trajectory composite score (rs = -0.543; p = 0.006)
and (B) submovement composite score (rs = -0.652; p = 0.001).
Light circles denote individual participants with PCS, while dark
denotes healthy control participants. FA, fractional anisotropy;
ILF, inferior longitudinal fasciculus; PC+CR, plane-change with
cue reversal; PCS, post-concussion syndrome.
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symptoms may result in adequate behavioral performance attribut-

able to altered neural networks.57 This may explain the adequate

behavioral performance in our study; however, further research is

required in order to better understand this potential compensatory

mechanism.

In addition to a lack of group differences on these visuomotor

tasks, there was also a lack of associations with the number or

severity of symptoms reported. In fact, as previously mentioned, the

only statistically significant finding indicated that a greater number

and severity of reported symptoms was associated with improved

trajectory performance on the CR condition (in which those with

PCS had a better median score). Although the presence of reported

symptoms is required for a diagnosis of PCS, this may not be the

best indicator of neurological deficits after concussion. The defini-

tion of PCS has been controversial,13,59–62 with many studies find-

ing similar symptom reporting in whiplash disorders,63,64 chronic

pain,65 depression,66 and even in seemingly healthy individuals.67 It

may be that our participants had persistent symptoms unrelated to

their concussive incident, and thus lacked a relationship between

symptoms and neurological deficits. However, to date, it is difficult

to determine the etiology of these persistent symptoms; therefore, it

is essential to determine more objective measures in order to better

understand persistent symptoms and the neurological effects of

concussion that may lead to them.

Although the underlying etiology of persistent symptoms after

concussion is still unknown, it is believed to be caused by the

axonal damage that occurs in the initial injury.12,16,68 This me-

chanical shearing of axons leads to altered axonal membrane per-

meability and cytoskeletal breakdown, which results in slowed

conduction and deficits in neurotransmission.15,17 This has been

demonstrated in studies using DTI, in which a reduction in white

matter integrity, measured by a decrease in FA, has been

found.21,26,69 Yet, in this study, we found no whole-brain differ-

ences on any DTI metric (FA, MD, AD, and RD) between those

with PCS and healthy controls. Equally, there were no group dif-

ferences found on any extracted ROI, including the long-coursing

and association tracts we examined (CST, SLF, ILF, IFOF, and

CC), and the cerebellar peduncles (SCP, MCP, and ICP). Com-

parable findings were reported by Maruta and colleagues58 who

also found a lack of significant group differences on any of the

global DTI metrics between those suffering from persistent

symptoms after concussion and healthy sex- and age-matched

controls. When looking at regional differences in FA, they also

demonstrated no statistically significant group differences.

The lack of group differences found in our study, as well as in the

investigation by Maruta and colleagues,58 could indicate that those

with PCS do not have deficits in white matter integrity, and thus

axonal damage is not the underlying etiology of persistent symp-

toms. Alternatively, these results may indicate that although DTI is

currently the best method to detect white matter structural abnor-

malities,70 it may not be sensitive enough to the subtle white matter

pathologies of persistent symptoms. In addition, it is important to

remember that there may be a myriad of reasons for symptoms to

persist after concussion, including both psychological and cervi-

cogenic causes. Given that this was not measured in the current

study, we are unable to determine whether the symptoms reported

were neurological in nature. There may also be a difference, for the

particular group that we tested, in ‘‘motor skill reserve’’ based on

sport experience, which may play a role in mitigating behavioral

changes after neural injury.3

Although there were no group differences in white matter in-

tegrity, we did observe an overall association between FA and

visuomotor task performance across all participants. This rela-

tionship strengthens the previous findings from our laboratory that

performance on our CMI task requires healthy white matter in-

tegrity.34,35,71 Moreover, whereas no significant correlations were

found between FA and performance in the standard (default) con-

dition, PC condition (which requires intrinsic sensorimotor recali-

bration), or CR condition (which requires extrinsic, rule-based

strategic control), there were significant associations found in the

PC+CR condition (in which both intrinsic and extrinsic recalibra-

tion is required). Both the trajectory composite score performance

and submovement composite performance were significantly cor-

related with FA along several long-coursing tracts, including the

ILF, IFOF, SLF, and CST. In all cases, a worse performance score

was associated with decreased white matter integrity. These results

provide further evidence that by decoupling our vision and action in

two ways, requiring both implicit and explicit rule integration, there

is an increase in task complexity that relies upon large-scale brain

network integrity for successful performance.

This study adds to the small body of literature investigating the

effects of PCS on both behavior and underlying white matter in-

tegrity. To our knowledge, it is the first study to investigate the

effects of PCS on cerebellar peduncle integrity and the first study to

look specifically at performance on visuomotor tasks requiring

CMI in this population. Future research with a larger sample size is

required, to account for the fact that there is great heterogeneity in

symptom presentation in those with PCS, heterogeneity that may be

reflective of underlying differences in neurological impairment.

Additionally, investigation into the underlying cause of symptom

reporting, including cervicogenic and psychological reasons, is

needed in order to better understand the variability observed within

this population.

Our observed larger behavioral variability in adults with PCS,

relative to healthy individuals, likely reflects the greater biological

noise imparted into their movement control systems from their

injury. However, the nature of this variability as a function of injury

type is an open question. Further investigation on the relationship

between mechanism of injury (sport related, falls, or motor vehicle

accident) and behavioral variability observed in this population is

needed given that this may relate to the differences in the under-

lying neurological impairment. Moreover, longitudinal studies, in

which neurological and behavioral changes can be tracked over

time, are required in order to better understand their progression

after injury and therefore may help to determine ideal intervention

strategies. Last, this study looked specifically at females because of

the known neurological differences in both concussion response

and skilled movement control between the sexes.72–76 Conse-

quently, a study investigating males is needed, as well as research

into sex, gender, and movement control after brain injury more

generally.

In summary, we observed no statistically significant differences

between those with PCS and healthy controls on the behavioral

measures of CMI, nor on either the whole-brain or ROI measures of

white matter integrity. Irrespective, this study highlights the ef-

fectiveness of our CMI task in measuring the integrity of long-

coursing white matter tracts. We speculate that with a larger sample

size, and one that is more uniform in the cause of symptom re-

porting, we may be able to detect group differences in both white

matter integrity as well as task performance. Last, these results

demonstrate the need for further studies on this diverse population

in hope of better understanding the underlying neurological effects

and behavioral changes of persistent symptoms in order to improve

the definition and thus diagnosis of PCS.
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6. McCrory, P., Meeuwisse, W., Dvořák, J., Aubry, M., Bailes, J., Bro-
glio, S., Cantu, R.C., Cassidy, D., Echemendia, R.J., Castellani, R.J.,
Davis, G.A., Ellenbogen, R., Emery, C., Engebretsen, L.,
Feddermann-Demont, N., Giza, C.C., Guskiewicz, K.M., Herring, S.,
Iverson, G.L., Johnston, K.M., Kissick, J., Kutcher, J., Leddy, J.L.,
Maddocks, D., Makdissi, M., Manley, G., McCrea, M., Meegan, W.P.,
Nagahiro, S., Patricios, J., Putukian, M., Schneider, K.J., Sills, A.,
Tator, C.H., Turner, M., and Vos, P.E. (2017). Consensus statement on
concussion in sport—the 5th International Conference on Concussion
in Sport held in Berlin, October 2016. Br. J. Sports Med. 51, 838–847.

7. American Psychiatric Association. (2000). Diagnostic and Statistical
Manual of Mental Disorders. IV-TR. American Psychiatric Associa-
tion: Washington, DC

8. World Health Organization. (1992). The ICD-10 Classification of
Mental and Behavioural Disorders. World Health Organization:
Geneva, Switzerland.

9. Hiploylee, C., Dufort, P.A., Davis, H.S., Wennberg, R.A., Tartaglia, M.C.,
Mikulis, D., Hazrati, L-N., and Tator, C.H. (2017). Longitudinal study
of postconcussion syndrome: not everyone recovers. J. Neurotrauma 34,
1511–1523.

10. Tator, C.H., Davis, H.S., Dufort, P.A., Tartaglia, M.C., Davis, K.D.,
Ebraheem, A., and Hiploylee, C. (2016). Postconcussion syndrome:
demographics and predictors in 221 patients. J. Neurosurg. 125, 1206–
1216.

11. Borich, M.R., Cheung, K.L., Jones, P., Khramova, V., Gavrailoff, L.,
Boyd, L.A., and Virji-Babul, N. (2013). Concussion: current concepts
in diagnosis and management. J. Neurol. Phys. Ther. 37, 133–139.

12. Bigler, E.D. (2008). Neuropsychology and clinical neuroscience of
persistent post-concussive syndrome. J. Int. Neuropsychol. Soc. 14,
1–22.

13. Wood, R.L. (2004). Understanding the ‘miserable minority’: a
diasthesis-stress paradigm for post-concussional syndrome. Brain Inj.
18, 1135–1153.

14. Dick, R.W. (2009). Is there a gender difference in concussion inci-
dence and outcomes? Br. J. Sports Med. 43, 46–50.

15. Giza, C.C., and Hovda, D.A. (2015). The new neurometabloic cascade
of concussion. Neurosurgery 75, Suppl. 4, S24–S33.
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M., Lévy, R., Lehéricy, S., and Benali, H. (2012). Structural integrity
and postconcussion syndrome in mild traumatic brain injury patients.
Brain Imaging Behav. 6, 283–292.

22. Smits, M., Houston, G.C., Dippel, D.W.J., Wielopolski, P.A., Ver-
nooij, M.W., Koudstaal, P.J., Hunink, M.G.M., and van der Lugt, A.
(2011). Microstructural brain injury in post-concussion syndrome after
minor head injury. Neuroradiology 53, 553–563.

23. Cubon, V.A., Putukian, M., Boyer, C., and Dettwiler, A. (2011).
A diffusion tensor imaging study on the white matter skeleton in
individuals with sports-related concussion. J. Neurotrauma 28, 189–
201.

24. Wada, T., Asano, Y., and Shinoda, J. (2012). Decreased fractional
anisotropy evaluated using tract-based spatial statistics and correlated
with cognitive dysfunction in patients with mild traumatic brain injury
in the chronic stage. Am. J. Neuroradiol. 33, 2117–2122.

25. Aoki, Y., Inokuchi, R., Gunshin, M., Yahagi, N., and Suwa, H. (2012).
Diffusion tensor imaging studies of mild traumatic brain injury: a
meta-analysis. J. Neurol. Neurosurg. Psychiatry 83, 870–876.

26. Khong, E., Odenwald, N., Hashim, E., and Cusimano, M.D. (2016).
Diffusion tensor imaging findings in post-concussion syndrome pa-
tients after mild traumatic brain injury: a systematic review. Front.
Neurol. 7, 1–8.

27. Rizzolatti G., Kalaska, J.F. (2000). Principles of Neural Science, 5th ed.
E.R. Kandel, J.H. Schwartz, T.M. Jessell, S.A. Siegelbaum, and
A. Hudspeth (eds). McGraw-Hill: New York, pps. 865–893.

28. Sabes, P.N. (2000). The planning and control of reaching movements.
Curr. Opin. Neurobiol. 10, 740–746.

29. Sergio, L., Gorbet, D., Tippett, W., Yan, X., and Neagu, B. (2009). When
what you see isn’t where you get: cortical mechanisms of vision for
complex action, in: Cortical Mechanisms of Vision. M. Jenkin, and
L. Harris (eds). Cambridge University Press: New York, NY, pps. 81–118.

30. Wise, S.P., Boussaoud, D., Johnson, P.B., and Caminiti, R. (1997).
Premotor and parietal cortex: corticocortical connectivity and com-
binatorial computations. Annu. Rev. Neurosci. 20, 25–42.

31. H. Johansen-Berg and T.E.J. Behnres (eds). (2014). Diffusion MRI:
From Quantitative Measurement to in-Vivo Neuroanatomy, 2nd ed.
Elsevier: San Diego, CA.

32. Gorbet, D.J., and Sergio, L.E. (2009). The behavioural consequences
of dissociating the spatial directions of eye and arm movements. Brain
Res. 1284, 77–88.

33. Wise, S., di Pellegrino, G., and Boussaoud, D. (1996). The premotor
cortex and nonstandard sensorimotor mapping. Can. J. Physiol.
Pharmacol. 74, 469–482.

34. Granek, J.A., and Sergio, L.E. (2015). Evidence for distinct brain
networks in the control of rule-based motor behavior. J. Neurophysiol.
114, 1298–1309.

35. Gorbet, D.J., and Sergio, L.E. (2016). Don’t watch where you’re go-
ing: the neural correlates of decoupling eye and arm movements.
Behav. Brain Res. 298, 229–240.

36. Murray, E.A., Bussey, T.J., and Wise, S.P. (2000). Role of prefrontal
cortex in a network for arbitrary visuomotor mapping, in: Executive
Control and the Frontal Lobe: Current Issues. W. Schneider,
A. Owen, and J. Duncan (eds). Springer: New York, NY, pps, 114–
127.

37. Hawkins, K.M,, and Sergio, L.E. (2014). Visuomotor impairments in
older adults at increased Alzheimer’s disease risk. J. Alzheimers Dis.
42, 607–621.

38. Hawkins, K.M., Goyal, A.I., and Sergio, L.E. (2015). Diffusion tensor
imaging correlates of cognitive-motor decline in normal aging and
increased Alzheimer’s disease risk. J. Alzheimers Dis. 44, 867–878.

39. Stoodley, C.J. (2012). The cerebellum and cognition: evidence from
functional imaging studies. Cerebellum 11, 352–365.

40. Della-Maggiore, V., and McIntosh, A.R. (2005). Time course of
changes in brain activity and functional connectivity associated with
long-term adaptation to a rotational transformation. J. Neurophysiol.
93, 2254–2262.

WHITE MATTER INTEGRITY IN FEMALES POST-CONCUSSION 1535

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
T

O
R

O
N

T
O

 f
ro

m
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
7/

31
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



41. Ross, D.E., Ochs, A.L., Seabaugh, J.M., DeMark, M.F., Shrader, C.R.,
Marwitz, J.H., and Havranek, M.D. (2012). Progressive brain atrophy
in patients with chronic neuropsychiatric symptoms after mild trau-
matic brain injury: a preliminary study. Brain Inj. 26, 1500–1509.

42. Gorbet, D.J., and Sergio, L.E. (2007). Preliminary sex differences in
human cortical BOLD fMRI activity during the preparation of in-
creasingly complex visually guided movements. Eur. J. Neurosci. 25,
1228–1239.

43. McCrory, P., Meeuwisse, W.H., Aubry, M., Cantu, B., Dvorak, J.,
Echemendia, R.J., Engebretsen, L., Johnston, K., Kutcher, J.S., Raf-
tery, M., Sills, A., Benson, B.W., Davis, G.A., Ellenbogen, R.G.,
Guskiewicz, K., Herring, S.A., Iverson, G.L., Jordan, B.D., Kissick, J.,
McCrea, M., McIntosh, A.S., Maddocks, D., Makdissi, M., Purcell, L.,
Putukian, M., Schneider, K., and Tator, C.H. (2013). Consensus
statement on concussion in sport: the 4th International Conference on
Concussion in Sport held in Zurich, November 2012. Br. J. Sports
Med. 47, 250–258.

44. Giza, C.C., Kutcher, J.S., Ashwal, S., Barth, J., Getchius, T.S.D., and
Gioia, G.A. (2013). Summary of evidence-based guideline update:
evaluation and management of concussion in sports. Report of the
Guideline Development Subcommittee of the American Academy of
Neurology. Neurology 80, 2250–2257.

45. Song, M.-K., Lin, F.-C., Ward, S.E., and Fine, J.P. (2013). Composite
variables: when and how. Nurs. Res. 62, 45–49.

46. Jenkinson, M,. Beckmann, C.F., Behrens, T.E.J., Woolrich, M.W., and
Smith, S.M. (2012). FSL. Neuroimage 62, 782–790.

47. Smith, S.M. (2002). Fast robust automated brain extraction. Hum.
Brain Mapp. 17, 143–155.

48. Smith, S.M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols,
T.E., Mackay, C.E., Watkins, K.E., Ciccarelli, O., Cader, M.Z.,
Matthews, P.M., and Behrens, T.E.J. (2006). Tract-based spatial sta-
tistics: voxelwise analysis of multi-subject diffusion data. Neuroimage
31, 1487–1505.

49. Smith, S.M., Jenkinson, M., Woolrich, M.W., Beckmann, C.F., Beh-
rens, T.E.J., Johansen-Berg, H., Bannister, P.R., De Luca, M.,
Drobnjak, I., Flitney, D.E., Niazy, R.K., Saunders, J., Vickers, J.,
Zhang, Y., De Stefano, N., Brady, J.M., and Matthews, P.M. (2004).
Advances in functional and structural MR image analysis and im-
plementation as FSL. Neuroimage 23, 208–219.

50. Andersson, J., Jenkinson, M., and Smith, S. (2007). Non-linear opti-
misation. FMRIB Technical Report TR07JA1. FMRIB Centre: Ox-
ford, UK.

51. Andersson, J., Jenkinson, M., and Smith, S. (2007). Non-linear reg-
istration, aka spatial normalisation. FMRIB Technical Report
TR07JA2. FMRIB Centre: Oxford, UK.

52. Winkler, A.M., Ridgway, G.R., Webster, M.A., Smith, S.M., and
Nichols, T.E. (2014). Permutation inference for the general linear
model. Neuroimage 92, 381–397.

53. Smith, S., and Nichols, T. (2009). Threshold-free cluster enhance-
ment: addressing problems of smoothing, threshold dependence and
localisation in cluter inference. Neuroimage 44, 83–98.

54. S. Mori, S. Wakana, P. Van Zijl, and L. Nagae-Poetscher (eds).
(2005). MRI Atlas of Human White Matter. Elsevier: Amsterdam.

55. Eickhoff, S.B., Stephan, K.E., Mohlberg, H., Grefkes, C., Fink, G,
Amunts, K., and Zilles, K. (2005). A new SPM toolbox for combining
probabilistic cytoarchitectonic maps and functional imaging data.
Neuroimage 25, 1325–1335.

56. van Baarsen, K.M., Kleinnijenhuis, M., Jbabdi, S., Sotiropoulos, S.N.,
Grotenhuis, J.A., and van Cappellen van Walsum, A.M. (2016).
A probabilistic atlas of the cerebellar white matter. Neuroimage 124,
Pt. A, 724–732.

57. Astafiev, S.V., Shulman, G.L., Metcalf, N.V., Rengachary, J., Mac-
Donald, C.L., Harrington, D.L., Maruta, J., Shimony, J.S., Ghajar, J.,
Diwakar, M., Huang, M-X., Lee, R.R., and Corbetta, M. (2015).
Abnormal white matter blood-oxygen-level-dependent signals in
chronic mild traumatic brain injury. J. Neurotrauma 32, 1254–1271.

58. Maruta, J., Palacios, E.M., Zimmerman, R.D., Ghajar, J., and Mu-
kherjee, P. (2016) Chronic post-concussion neurocognitive deficits.

I. Relationship with white matter integrity. Front. Hum. Neurosci. 10,
1–8.

59. Evans, R.W. (2010). Persistent post-traumatic headache, postconcus-
sion syndrome, and whiplash injuries: the evidence for a non-
traumatic basis with an historical review. Headache 50, 716–724.

60. Ryan, L.M., and Warden, D.L. (2003). Post concussion syndrome. Int.
Rev. Psychiatry 15, 310–316.

61. Jotwani, V., and Harmon, K.G. (2010). Postconcussion syndrome in
athletes. Curr. Sports Med. Rep. 9, 21–26.

62. Prigatano, G.P., and Gale, S.D. (2011). The current status of post-
concussion syndrome. Curr. Opin. Psychiatry 24, 243–250.

63. Leslie, O., and Craton, N. (2013). Concussion: purely a brain injury?
Clin. J. Sport Med. 23, 331–332.

64. Marshall, C.M., Vernon, H., Leddy, J.J., and Baldwin, B.A. (2015).
The role of the cervical spine in post-concussion syndrome. Phys.
Sportsmed. 43, 274–284.

65. Smith-Seemiller, L., Fow, N.R., Kant, R., and Franzen, M.D. (2003).
Presence of post-concussion syndrome symptoms in patients with
chronic pain vs mild traumatic brain injury. Brain Inj. 17, 199–206.

66. Iverson, G.L. (2006). Misdiagnosis of the persistent postconcussion
syndrome in patients with depression. Arch. Clin. Neuropsychol. 21,
303–310.

67. Iverson, G.L., and Lange, R.T. (2003). Examination of ‘‘postconcussion-
like’’ symptoms in a healthy sample. Appl. Neuropsychol. 10, 137–144.

68. Hall, R.C., Hall, R.C., and Chapman, M.J. (2005). Definition, diag-
nosis, and forensic implications of postconcussional syndrome. Psy-
chosomatics 46, 195–202.

69. Chong, C.D., and Schwedt, T.J. (2018). Research imaging of brain
structure and function after concussion. Headache 58, 827–835.

70. Shenton, M.E., Hamoda, H.M., Schneiderman, J.S., Bouix, S., Pas-
ternak, O., Rathi, Y., Vu, M.-A., Purohit, M.P., Helmer, K., Koerte, I.,
Lin, A.P., Westin, C.F., Kikinis, R., Kubicki, M., Stern, R.A., and
Zafonte, R. (2012). A review of magnetic resonance imaging and
diffusion tensor imaging findings in mild traumatic brain injury. Brain
Imaging Behav. 6, 137–192.

71. Gorbet, D.J., and Sergio, L.E. (2019). Looking up while reaching out:
the neural correlates of making eye and arm movements in different
spatial planes. Exp. Brain Res. 237, 57–70.

72. Gorbet, D.J., and Staines, W.R. (2011). Inhibition of contralateral
premotor cortex delays visually guided reaching movements in men
but not women. Exp. Brain Res. 212, 315–325.

73. Shin, Y.-W., Kim, D.J., Ha, T.H., Park, H.-J., Moon, W.-J., Chung,
E.C., Lee, J.M., Kim, I.Y., Kim, S.I., and Kwon, J.S. (2005). Sex
differences in the human corpus callosum: diffusion tensor imaging
study. Brain Imaging 16, 795–798.

74. Ingalhalikar, M., Smith, A., Parker, D., Satterthwaite, T.D., Elliott,
M.A., Ruparel, K., Hakonarson, H., Gur, R.E., Gur, R.C., Verma, R.
(2014). Sex differences in the structural connectome of the human
brain. Proc. Natl. Acad. Sci. U. S. A. 111, 823–828.

75. Inano, S., Takao, H., Hayashi, N., Abe, O., and Ohtomo, K. (2011).
Effects of age and gender on white matter integrity. Am. J. Neuroradiol.
32, 2103–2109.

76. Rabinowixz, T., Dean, D.E., McDonald-Comber Petetot, J., and de
Courten-Myers, G.M. (1999). Gender differences in the human cere-
bral cortex: more neurons in males; more processes in females.
J. Child Neurol. 14, 98–107.

Address correspondence to:

Lauren E. Sergio, PhD

School of Kinesiology and Health Science

York University

Norman Bethune College

4700 Keele Street, Room 341

Toronto, Ontario M3J 1P3

Canada

E-mail: lsergio@yorku.ca

1536 HURTUBISE ET AL.

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
T

O
R

O
N

T
O

 f
ro

m
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
7/

31
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 


